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PICK1 is a calcium-sensing, PDZ domain-containing
protein that interactswithGluR2 andGluR3AMPA re-
ceptor (AMPAR) subunits and regulates their traffick-
ing. Although PICK1 has been principally implicated
in long-term depression (LTD), PICK1 overexpres-
sion in CA1 pyramidal neurons causes a CaMK- and
PKC-dependent potentiation of AMPAR-mediated
transmission and an increase in synaptic GluR2-lack-
ing AMPARs,mechanisms associatedwithNMDA re-
ceptor (NMDAR)-dependent long-term potentiation
(LTP). Here, we directly tested whether PICK1 partic-
ipates in both hippocampal NMDAR-dependent LTP
and LTD. We show that the PICK1 potentiation of
AMPAR-mediated transmission is NMDAR depen-
dent and fully occludes LTP. Conversely, blockade
of PICK1 PDZ interactions or lack of PICK1 prevents
LTP. These observations demonstrate an important
role for PICK1 in LTP. In addition, deletion of PICK1
or blockade of PICK1 PDZ binding prevented
NMDAR-dependent LTD. Thus, PICK1 plays a critical
role in bidirectional NMDAR-dependent long-term
synaptic plasticity in the hippocampus.
INTRODUCTION
A major cellular mechanism underlying activity-dependent plas-
ticity of glutamatergic transmission is the regulated trafficking
of AMPARs through coordinated protein-protein interactions
between AMPAR subunits and a host of postsynaptic scaffold-
ing molecules (Bredt and Nicoll, 2003; Collingridge et al., 2004;
Groc and Choquet, 2006; Malinow and Malenka, 2002). One im-
portant class of interactions involves the PDZ domain-containing
proteins, glutamate receptor interacting protein (GRIP), AMPA872 Neuron 57, 872–882, March 27, 2008 ª2008 Elsevier Inc.receptor-binding protein (ABP), and protein interacting with
C-kinase 1 (PICK1), which bind the extreme C termini of GluR2
and GluR3 subunits to regulate AMPAR trafficking and synaptic
transmission (Collingridge et al., 2004; Dev et al., 1999; Dong
et al., 1997; Srivastava et al., 1998; Xia et al., 1999). PICK1 is
a good candidate as a potential bidirectional regulator of synap-
tic AMPAR trafficking (Dev and Henley, 2006; Sossa et al., 2006).
PICK1 contains a single PDZ domain that interacts with several
proteins, including GluR2/3 subunits, PKCa, and mGluR7 (Bou-
din et al., 2000; Dev et al., 1999, 2000; Staudinger et al., 1995; Xia
et al., 1999). Moreover, PICK1 can dimerize via a coiled-coil/BAR
domain, enabling dimeric PICK1 to link other proteins such as
PKC to GluR2 in a multiprotein complex (Chung et al., 2000;
Perez et al., 2001). PICK1 also interacts with components of
the SNARE-dependent membrane fusion machinery (Hanley
et al., 2002) as well as with GRIP and membrane lipids via its
coiled-coil/BAR domain to coordinate PKC-dependent traffick-
ing of AMPARs (Jin et al., 2006; Lu and Ziff, 2005). Most intrigu-
ingly, the affinity of PICK1 for GluR2 exhibits a calcium sensitivity
(Hanley and Henley, 2005) potentially allowing PICK1 to act as
a calcium sensor that orchestrates AMPAR trafficking events
during LTP and LTD (Sossa et al., 2006).
PICK1 is required for several forms of synaptic plasticity in di-
verseareasof theCNS (Isaacetal., 2007).Oneof thebest-defined
roles for PICK1 is in mGluR-dependent LTD at parallel fiber-
Purkinje cell synapses in the cerebellum, expression of which
requires GluR2-PICK1 interactions for PKC-dependent AMPAR
internalization (Chung et al., 2003; Steinberg et al., 2006; Xia
et al., 2000). Also in the cerebellum, at parallel fiber-stellate cell
synapses, PICK1-GluR2 interactions mediate an activity-depen-
dent switch of GluR2-lacking for GluR2-containing AMPARs in
another form of LTD (Gardner et al., 2005; Liu and Cull-Candy,
2000, 2005). A similar PICK1-dependent switch in GluR2 AMPAR
subunit composition is also observed during LTD in the ventral
tegmental area (Bellone and Luscher, 2005, 2006).
In contrast to the established role of PICK1 in cerebellar plas-
ticity, the function of PICK1 in hippocampal plasticity remains
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PICK1 Is Required for LTP and LTDunclear. Initial studies revealed that PICK1 decreases surface
GluR2 levels in cultured hippocampal neurons, consistent with
a potential role in hippocampal LTD (Chung et al., 2000; Perez
et al., 2001). However, subsequent studies using acute infusion
into CA1 pyramidal neurons of peptides that block PICK1 PDZ
domain interactions are inconclusive, yielding conflicting results.
One study supports a role for PICK1 in NMDAR-dependent
hippocampal LTD (Kim et al., 2001), whereas other work found
no role for PICK1 in this form of LTD (Daw et al., 2000; Duprat
et al., 2003). Furthermore, the overexpression of PICK1 in CA1
pyramidal neurons results not in LTD, but in synaptic potentia-
tion. This is because PICK1 expression caused removal of
GluR2-containing, calcium-impermeable AMPARs from synap-
ses and their replacement with GluR2-lacking, calcium-perme-
able AMPARs, which have a higher single-channel conductance
(Terashima et al., 2004). Interestingly, a similar incorporation of
GluR2-lacking AMPARs during NMDAR-dependent LTP at CA1
synapses has been observed (Plant et al., 2006). Moreover, the
PICK1-mediated enhancement in synaptic strength requires
PKC and CaMK (Terashima et al., 2004), providing further corre-
lation with the mechanism of LTP (Malenka and Nicoll, 1999;
Wikstrom et al., 2003). Together, these observations raise the
possibility that PICK1 may also participate in hippocampal
LTP. Thus, the PICK1-GluR2 interaction may broadly serve to
regulate the GluR2 content, and hence the major biophysical
properties, of AMPARs at synapses, allowing for bidirectional
control of synaptic efficacy. Moreover, the PICK1-dependent
regulation of AMPAR subunit composition may be an expression
mechanism for several prominent, but seemingly disparate,
forms of long-term synaptic plasticity.
Here, we directly test whether PICK1 participates in NMDAR-
dependent bidirectional plasticity by investigating how gain or
loss of PICK1 function affects hippocampal NMDAR-dependent
LTP and LTD. We show that the PICK1-induced increase in syn-
aptic strength (Terashima et al., 2004) is NMDAR dependent and
occludes subsequent LTP. Moreover, acute loss of PICK1 func-
tion by shRNA-mediated knockdown of PICK1, or expression
of a peptide, pep2-EVKI, that blocks PICK1 PDZ interactions,
prevents LTP. In addition, hippocampal LTP is absent in slices
from PICK1 KO mice. Further, we show that there is a loss of
LTD in neurons lacking PICK1 or in which PICK1 PDZ domain
interactions are blocked. Together, these findings demonstrate
a central requirement for PICK1 in hippocampal NMDAR-depen-
dent bidirectional plasticity and suggest a role for PICK1 in
the activity-dependent regulation of GluR2 subunit AMPAR
composition in CA1 pyramidal neurons.
RESULTS
PICK1 Overexpression Causes an NMDAR-Dependent
Potentiation of Transmission that Occludes LTP
PICK1 overexpression in CA1 pyramidal neurons potentiates
AMPAR-mediated synaptic transmission and causes the ex-
pression of GluR2-lacking AMPARs at synapses in a mechanism
requiring PKC and CaMK (Terashima et al., 2004). Because ac-
tivity-induced LTP exhibits similar requirements (Malenka and
Nicoll, 1999; Plant et al., 2006; Wikstrom et al., 2003), we further
explored the link between PICK1-dependent potentiation andLTP by investigating whether the effects of PICK1 overexpres-
sion also depend upon NMDAR activation, another critical
requirement for LTP induction (Bliss and Collingridge, 1993;
Collingridge et al., 1983; Malenka and Nicoll, 1999). We used
Sindbis virus to bicistronically express PICK1 and GFP in CA1
pyramidal neurons in acute hippocampal slicesmaintained in cul-
ture for 1–2 days and compared AMPA- and NMDAR-mediated
synaptic transmission in neighboring infected and control
(uninfected) neurons (Figure 1A). As previously reported
Figure 1. PICK1 Overexpression Causes an NMDAR-Dependent
Increase in the AMPAR-Mediated EPSC
(A) Fluorescence image of CA1 pyramidal neurons in an acute cultured hippo-
campal slice infected with Sindbis virus expressing GFP (left) and schematic
(right) of the experimental approach showing sequential recordings from
neighboring infected and uninfected (control) neurons.
(B) AMPAR-mediated EPSC amplitude and rectification index in PICK1-over-
expressing and neighboring uninfected control neurons (n = 13).
(C) AMPAR-mediated EPSC amplitude (compared between PICK1-overex-
pressing and in slice control neurons, same stimulation position and intensity)
and rectification index for slices incubated in 100 mMD-AP5 during viral infec-
tion (n = 11).
For this and all other figures, error bars represent SEM.Neuron 57, 872–882, March 27, 2008 ª2008 Elsevier Inc. 873
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PICK1 Is Required for LTP and LTD(Terashima et al., 2004), viral expression of PICK1 produced an
increase in the amplitude of AMPAR-mediated EPSCs in CA1
pyramidal neurons and an increase in inward rectification indic-
ative of the expression of GluR2-lacking AMPARs (Figure 1B).
However, incubation with D-AP5 (100 mM) during viral infection
prevented these PICK1-driven changes in AMPAR function
(Figure 1C). Thus, NMDAR activation in the slice during viral
overexpression of PICK1 is required for the potentiation in
AMPAR-mediated synaptic transmission and the change in
GluR2 subunit composition.
We next studied whether viral overexpression of PICK1 or
blockade of PICK1 PDZ domain interactions affects LTP in
CA1 pyramidal neurons. First, we investigated whether the po-
tentiation of AMPAR-mediated transmission caused by overex-
pression of PICK1 occludes LTP. In hippocampal slices acutely
maintained in culture for 1–2 days, viral overexpression of PICK1
prevented LTP (Figures 2A and 2D); however, in control unin-
fected neurons, LTP was reliably induced by the same pairing
protocol (Figures 2B and 2D). In these experiments, baseline
AMPAR-mediated EPSCs in PICK1-overexpressing neurons
exhibited greater amplitude and increased inward rectifica-
tion compared with control neurons (PICK1 overexpression:
AMPA:NMDA ratio [A:N] = 7.2 ± 1.3, rectification index
[RI] = 5.6 ± 2.0, n = 6; uninfected controls: A:N = 2.1 ± 0.6,
RI = 1.7 ± 0.5, n = 7; p < 0.05 for A:N and RI).
PICK1 PDZ domain interactions, including the PICK1-
GluR2 interaction, are blocked by a peptide, pep2-EVKI
(YNVYGIEEVKI). Pep2-EVKI, however, does not block interac-
tions of the two other PDZ domain-containing proteins (GRIP
and ABP) that also bind GluR2 and -3 (Daw et al., 2000; Li
et al., 1999). We tested whether blocking the PICK1 PDZ interac-
tions affects LTP using virally expressed pep2-EVKI and found
that this manipulation also completely blocks LTP (Figures 2C
and 2D). The lack of LTP in the neurons virally expressing
constructs did not result from nonspecific effects of viral infec-
Figure 2. Overexpression of PICK1 or Ex-
pression of a Peptide Blocking the PICK1-
GluR2 Interaction (pep2-EVKI) Prevents LTP
Sindbis virus expression in acute cultured hippo-
campal slices.
(A–C) Example LTP experiments from a CA1 pyra-
midal neuron virally overexpressing PICK1 (A),
a control uninfected neuron (B), and a neuron
virally expressing pep2-EVKI (C).
(D) Pooled data for LTP experiments under these
three conditions and also for neurons virally ex-
pressing GFP alone (PICK1, n = 7; uninfected,
n = 18; pep2-EVKI, n = 7; GFP, n = 7). Black bar
indicates LTP pairing protocol.
tion, because, in interleaved control
experiments, neurons virally expressing
GFP alone exhibited robust LTP (Fig-
ure 2D). Therefore, PICK1 overexpres-
sion potentiates AMPAR-mediated
transmission and this occludes with LTP, while blockade of the
PICK1 PDZ interactions prevents LTP.
LTP Is Absent in CA1 Pyramidal Neurons Lacking PICK1
Our overexpression studies suggest a central role for PICK1 in
hippocampal LTP and thus predict that LTP should be absent
in neurons lacking PICK1. To test this hypothesis, we first inves-
tigated whether acute knockdown of PICK1 using RNA interfer-
ence affects LTP. Several different short-hairpin RNA (shRNA)
constructs directed against PICK1 were expressed in cultured
hippocampal neurons using lentivirus, and their effectiveness
in knocking down endogenous PICK1 was assayed immunocy-
tochemically. Based on this characterization, we selected one
shRNA (‘‘T197’’), which was the most effective. Using lentiviral
expression of shRNA and GFP, we found that the T197 PICK1
shRNA reduced endogenous PICK1 expression in cultured
hippocampal neurons to levels below detection after 7 days of
infection, while virus expressing a scrambled control shRNA
had no effect on PICK1 expression (Figure 3A). We then com-
pared the effects of these two viruses on LTP. When CA1 pyra-
midal neurons in cultured hippocampal slices were infected for
7 days with lentivirus (Figure 3B), we found that LTP was com-
pletely blocked by PICK1 shRNA but was reliably induced in cells
expressing the control scrambled shRNA (Figures 3C–3E).
To confirm the requirement for PICK1 in LTP revealed by our
knockdown studies, we next determined whether there is an
LTP deficit in PICK1 knockout (KO) mice (Gardner et al., 2005).
We investigated this using whole-cell voltage-clamp recordings
from CA1 pyramidal neurons in acute hippocampal slices from
PICK1 KOs and, in interleaved experiments, in slices from wild-
type (WT) littermates. In slices from theWT littermates, an LTP-in-
ducing pairing protocol yielded robust stable LTP (p < 0.01 base-
line versus 20min post-pairing; Figures 4A and 4C). However, the
samepairingprotocol producedno long-lastingpotentiation in sli-
ces fromPICK1KOs (p=0.26baselineversus20minpost-pairing;874 Neuron 57, 872–882, March 27, 2008 ª2008 Elsevier Inc.
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4C). Importantly, this LTP deficit in PICK1 KOs did not appear to
result fromalterations inbasal synaptic properties, since nodiffer-
enceswere observed between PICK1 KO andWT slices in the I-V
relationships of AMPARs and NMDARs nor the AMPA to NMDA
ratios (Figure 4D). Thus, it is unlikely that the LTP deficit in
PICK1 KO mice is due to a disruption of NMDAR function, sug-
gesting that PICK1 functions downstream of NMDAR activation.
Figure 3. Knockdown of PICK1 Using
shRNA Prevents LTP
(A) Examples of GFP fluorescence (top) and en-
dogenous PICK1 staining (center; with overlay,
bottom) from dissociated cultured hippocampal
neurons infected with lentivirus expressing GFP
and control scrambled shRNA (left) or PICK1
shRNA (right). Scale bar, 20 mm.
(B) Two-photon fluorescence images of CA1 neu-
rons in a 1 week cultured hippocampal slice
expressing lentivirus shRNA and GFP at low mag-
nification (top, showing two sites of injection of
virus in the slice, scale bar, 250 mm) and higher
magnification (bottom, region boxed in top image,
scale bar, 50 mm).
(C) EPSC amplitude versus time for an example
LTP experiment from a CA1 pyramidal neuron in
a 1 week cultured slice that is expressing control
scrambled shRNA. Inset top: example averaged
EPSCs from baseline and following LTP induction
(and superimposed). Black bar indicates the in-
duction protocol.
(D) As for (B) but for a neuron expressing PICK1
shRNA.
(E) Pooled data for all LTP experiments on neurons
expressing PICK1 shRNA (blue, n = 8) or control
scrambled shRNA (black, n = 8).
Figure 4. Pairing-Induced LTP Is Deficient
in Slices from PICK1 Knockout Mice
(A) Example LTP experiment using whole-cell volt-
age-clamp recording from a CA1 pyramidal neu-
ron in an acute hippocampal slice from WT. Inset
top: traces taken at the time points indicated by
the letters (a–c; bars, 100 pA/50 ms).
(B) Example LTP experiment in a CA1 pyramidal
neuron in a slice from a PICK1 KO (as for [A];
bars, 100 pA/50 ms).
(C) Pooled data for all whole-cell LTP experiments
(PICK1 KO, n = 20 cells from 6 animals; WT litter-
mates, n = 16 cells from 4 animals).
(D) I-V analysis of EPSCs from PICK1 KOs (n = 4)
and WT (n = 7); lower inset: AMPAR:NMDAR
EPSC ratios from the same cells (bars, 100 pA/
20 ms).Neuron 57, 872–882, March 27, 2008 ª2008 Elsevier Inc. 875
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PICK1 Is Required for LTP and LTDFigure 5. LTP Is Deficient in Slices from
PICK1 KO Animals Using Extracellular Field
Potential Recordings
(A) Example two-pathway field potential experi-
ment from the CA1 region in a slice from a PICK1
KO. Inset top: fEPSP traces taken at the times
indicated by the letters (a and b); scale bars,
0.2 mV/5 ms. For this and subsequent panels,
arrow indicates LTP induction (two, 1 s, 100 Hz tet-
ani, test intensity, 20 s apart), open symbols repre-
sent control path; closed symbols are LTP path.
(B) Pooled data for all extracellular field potential
LTP experiments in PICK1 KO slices (n = 6 ani-
mals, all interleaved with WT litter mates shown
in [C] and [D]).
(C and D) LTP experiments from interleaved
experiments on slices from WT littermates (n = 6
animals; as for [A] and [B]).
2007), since the transient potentiation we
observed in the PICK1 KO occurs in the
absence of dramatic changes in presyn-
aptic stimulation rates during induction
and is associated with a postsynaptic
change in inward rectification of the AM-
PAR-mediated EPSC.Despite the lack of LTP in slices fromPICK1KOanimals, a con-
siderable amount of transient post-pairing potentiation was ob-
served in many recordings (Figures 4B and 4C). The duration of
this potentiation was similar to that of the transient incorporation
of GluR2-lacking, inwardly rectifying AMPARs that we reported
during LTP expression (Plant et al., 2006). Therefore, in a subset
of LTP experiments in slices fromPICK1KOanimals, we assayed
for changes in AMPAR rectification during the transient potentia-
tion. Interestingly, the transient potentiation was associated with
an increase in rectificationof theAMPAR-mediatedcomponentof
EPSCs determined as the ratio of the initial slope of EPSCs ob-
tained at holding potentials of 60 mV and +40 mV (at 3–5 min
post-pairing RI = 172% ± 20% of baseline, p < 0.01, n = 5; at
15–20 min post-pairing RI = 130% ± 20%, p = 0.33, n = 5). This
change in the inward rectification of AMPAR-mediated EPSCs
was dependent upon the presence of intracellular spermine,
because in interleaved experiments using a whole-cell solution
lacking spermine, no change in rectificationwas observed during
the transient potentiation (at 3–5 min post-pairing RI = 105% ±
11% of baseline, n = 4; p < 0.05 spermine compared to no sper-
mine). Thesefindingsare consistentwith an initial incorporationof
GluR2-lacking AMPARs following LTP induction in PICK1 KOs
that is responsible for the transient potentiation. Further, the fail-
ure to maintain this potentiation suggests that the LTP deficit in
PICK1 KOs may result, in part, from an inability to consolidate
the initial potentiation because of disruption in the mechanism(s)
responsible for replacement of the initially insertedGluR2-lacking
AMPARs by GluR2-containing receptors. It is important to note
that the transientpotentiationobserved in thesewhole-cell exper-
iments is not due to presynaptic postinduction potentiation (i.e.,
post-tetanic potentiation or short-term potentiation) (Lauri et al.,876 Neuron 57, 872–882, March 27, 2008 ª2008 Elsevier Inc.Different induction protocols may engage distinct signaling re-
quirements for LTP; therefore, we also examined whether there
was a deficit in tetanus-induced LTP in PICK1 KO mice using
two-pathway extracellular field potential recordings from hippo-
campal slices. Following a stable baseline period, a high-fre-
quency stimulation protocol (HFS; two 100 Hz, 1 s tetani sepa-
rated by 20 s) produced no significant long-lasting potentiation
in slices from PICK1 KOmice (112% ± 10%, n = 6; LTP pathway:
baseline versus 30 min after tetanic stimulation, p = 0.16, n = 6
animals; control pathway versus LTP pathway 30 min after
tetanic stimulation, p = 0.17, n = 6 animals; Figures 5A and
5B). Conversely, the same HFS protocol applied toWT littermate
control slices exhibited robust LTP in interleaved experiments
(177% ± 10%, n = 6; LTP pathway: baseline versus 30 min after
tetanic stimulation, p < 0.01, n = 6 animals; control pathway
versus LTP pathway 30 min after tetanic stimulation, p < 0.01,
n = 6 animals; Figures 5C and 5D), and the level of potentiation
measured at 30 min post-HFS was significantly greater in slices
fromWT animals compared to that in slices from PICK1 KOs (WT
versus PICK1 KO: p < 0.05). These findings further confirm that
loss of PICK1 leads to a lack of LTP, revealing a requirement
for PICK1 in NMDAR-dependent LTP. Moreover, the LTP deficit
in both the whole-cell and field potential recording experiments
demonstrates that the role of PICK1 in LTP is not limited to a
single specific recording condition or induction protocol.
PICK1 Is Required for Hippocampal
NMDAR-Dependent LTD
There is good evidence that PICK1 plays a central role in mGluR-
dependent cerebellar LTD by mediating the internalization of
GluR2-containing AMPARs (Steinberg et al., 2006; Xia et al.,
Neuron
PICK1 Is Required for LTP and LTD2000). However, it is unclear whether PICK1 plays a role in
NMDAR-dependent LTD, a prominent form of LTD in the hippo-
campus that is also expressed inmany regions of neocortex (Du-
dek and Bear, 1992; Kemp and Bashir, 2001; Malenka and Bear,
2004; Mulkey and Malenka, 1992). We therefore directly tested
whether PICK1 is involved in hippocampal NMDAR-dependent
LTD. In whole-cell recordings from CA1 pyramidal neurons, we
first compared LTD in slices from PICK1 KO and WT littermates
using a low-frequency pairing induction protocol (LFP; 300 stim-
uli at 1 Hz paired with a holding potential of 40 mV), which ro-
bustly triggers NMDAR-dependent LTD (Hjelmstad et al., 1997;
Luthi et al., 1999). In slices fromPICK1 KOmice, LTDwas absent
(Figure 6A; LTD pathway baseline versus 30 min after pairing,
p = 0.88), whereas in slices fromWT littermates, LTD was readily
induced by the same LFP protocol (Figure 6B; LTD pathway
baseline versus 30 min after pairing, p < 0.0005; LTD pathway
30 min after pairing PICK1 KO versus WT, p < 0.001). To confirm
that loss of PICK1 causes an LTD deficit, we next determined
Figure 6. Hippocampal LTD Requires
PICK1
(A) Pooled data of EPSC amplitude versus time for
two-pathway whole-cell LTD experiments from
CA1 pyramidal neurons in acute hippocampal sli-
ces from PICK1 KO (n = 7 animals, all interleaved
with experiments on slices from WT litter mates
shown in [B]). For this and panel (B), inset top is
example averaged EPSCs from baseline and fol-
lowing LTD induction in control (open symbols)
and LTD (closed symbols) pathways. Black bar
indicates the LTD induction protocol.
(B) Pooled data for LTD experiments in slices from
WT (n = 7 animals, interleaved with data in [A]).
(C) Pooled data of EPSC amplitude versus time for
whole-cell LTD experiments from CA1 pyramidal
neurons virally expressing PICK1 shRNA in 1
week cultured hippocampal slices (n = 8).
(D) Pooled data of EPSC amplitude versus time for
whole-cell LTD experiments from CA1 pyramidal
neurons virally expressing control scrambled
shRNA in 1 week cultured hippocampal slices
(n = 8).
(E) Pooled data of EPSC amplitude versus time for
whole-cell LTD experiments from CA1 pyramidal
neurons virally expressing pep2-EVKI in acute cul-
tured hippocampal slices (n = 5).
(F) Pooled data of EPSC amplitude versus time for
whole-cell LTD experiments from control unin-
fected CA1 pyramidal neurons in acute cultured
hippocampal slices (n = 5).
whether LTD was affected by acute
knockdown of PICK1 using lentiviral-me-
diated expression of shRNA to knock
down PICK1 in CA1 pyramidal cells in 1
week cultured hippocampal slices. In
agreement with our findings on PICK1
KO mice, neurons in which PICK1 had
been knocked down using the PICK1
shRNA failed to show LFP-induced LTD
(Figure 6C), whereas neurons expressing
control scrambled shRNA exhibited robust LTD (Figure 6D). Fi-
nally, we investigated whether viral expression of the PICK1
PDZ domain interaction blocking peptide, pep2-EVKI, using
Sindbis virus-mediated expression in acute slice culture also
prevents LTD. CA1 pyramidal neurons virally expressing pep2-
EVKI failed to exhibit LTD (Figure 6E), while control uninfected
neurons reliably yielded robust LTD (Figure 6F). Thus, using three
independent loss-of-function approaches we show that PICK1 is
required for hippocampal NMDAR-dependent LTD.
DISCUSSION
Here we show a critical requirement for PICK1 in hippocampal
NMDAR-dependent LTP and LTD. We find that the potentiation
of AMPAR-mediated synaptic transmission and the change in
GluR2 AMPAR subunit composition caused by PICK1 overex-
pression requires NMDAR activity and occludes subsequent
LTP. Blockade of PICK1 PDZ interactions prevents both LTPNeuron 57, 872–882, March 27, 2008 ª2008 Elsevier Inc. 877
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pyramidal neurons lacking PICK1. Thus, we demonstrate that
PICK1 is required for hippocampal NMDAR-dependent LTP
and LTD, prominent forms of long-term synaptic plasticity in
the hippocampus and neocortex that are strongly implicated in
learning and memory, development, and disease.
For PICK1 deletion studies, we used two different approaches,
shRNA-mediated knockdown of PICK1 and genetic knockout. A
recent study shows that shRNA can produce off-target effects
on synaptic function that are dependent on the species of shRNA
used, but not related to the protein that is knocked down (Alvarez
et al., 2006). Thus, the lack of LTP and LTD in both the shRNA
and KO models provides important complementary results
establishing a requirement for PICK1 in bidirectional NMDAR-
dependent long-term synaptic plasticity. Additionally, the similar
findings with both approaches alleviate concerns that plasticity
deficits resulted from developmental defects in the chronically
PICK1-deficient mice or culture artifacts in the acutely PICK1-
deficient neurons in cultured slices.
Role of PICK1 in LTP
Our study directly demonstrates a central requirement for PICK1
in the mechanism of hippocampal LTP. We show that PICK1
overexpression potentiates transmission in an NMDAR-depen-
dent manner that occludes LTP, while blockade or deletion of
PICK1 prevents LTP. Together, these findings indicate that
PICK1 is a critical mediator of LTP rather than a participant
in an indirect modulatory pathway. The mechanistic role(s) of
PICK1 in hippocampal LTP remains to be fully elucidated; how-
ever, our results combined with previous studies provide some
insight. Our previous work indicates that PICK1 can regulate
the GluR2 subunit composition of AMPARs and that a change
in the GluR2 content of AMPARs can occur during LTP (Tera-
shima et al., 2004; Plant et al., 2006). Our present results showing
a lack of LTP in neurons in which PICK1 has been knocked down,
or in which PICK1 PDZ domain interactions are blocked by pep-
tide expression, suggest that PICK1 plays a role in the induction
or initial expression of LTP. One possibility in this regard is that
PICK1 acts to retain GluR2-containing AMPARs to enable the ini-
tial incorporation of GluR2-lacking AMPARs that can underlie the
earliest phase of LTP expression (Plant et al., 2006). Evidence for
such a retention role for PICK1 inmaintaining an intracellular pool
of GluR2-containing AMPARs has recently been provided (Ho
et al., 2007; Jin et al., 2006; Lin and Huganir, 2007) andmay itself
be regulated by additional novel PICK1 interactions (Cao et al.,
2007).
Experiments on the PICK1 KO, however, indicate that a com-
ponent of the initial phase of LTP expression can occur in the
absence of PICK1. In slices from PICK1 KO mice, we find that
LTP induction protocols produce a transient potentiation. The
presence of this transient potentiation may be the result of a par-
tial compensation in the knockout, since it is not observed in
neurons in which PICK1 has been acutely knocked down. The
transient potentiation in neurons in the PICK1 KO is associated
with an increase in inward rectification of the AMPAR-mediated
EPSC, indicating that the potentiation is mediated by GluR2-
lacking AMPARs. This finding suggests a possible additional
role for PICK1 in LTP mediating a switch from GluR2-lacking to878 Neuron 57, 872–882, March 27, 2008 ª2008 Elsevier Inc.GluR2-containing AMPARs during LTP expression. This role is
consistent with the previously proposed idea that PICK1 regu-
lates the recruitment of GluR2-containing AMPARs to hippo-
campal synapses (Daw et al., 2000). Furthermore, such a mech-
anism is similar to that reported for the expression of cerebellar
stellate cell plasticity in which PICK1 is required for the activ-
ity- and calcium-dependent switch of GluR2-lacking AMPARs
to GluR2-containing AMPARs (Gardner et al., 2005; Liu and
Cull-Candy, 2000, 2002, 2005).
A related issue of interest is how synaptic potentiation remains
constant during LTP when expression involves changes in
AMPAR subunit composition from GluR2-lacking to GluR2-
containing receptors. Since the GluR2-lacking AMPARs have
a higher single-channel conductance compared with their
GluR2-containing counterparts (Isaac et al., 2007), a simple
one-to-one exchange of GluR2-containing for GluR2-lacking
receptors would result in a reduction of potentiation during
LTP expression. For LTP induced by protocols such as pairing,
which do not include dramatic changes in stimulation frequency
(that can lead to transient presynaptic potentiation), little or no
decrement in LTP is typically observed (as for example shown
in the present data). This suggests that GluR2-lacking AMPARs
must be replaced by more GluR2-containing AMPARs during
LTP expression to maintain the increased synaptic strength.
This idea argues for a homeostasis of increased synaptic
strength rather than the creation of a set number of ‘‘slots’’ for
AMPARs at synapses during LTP.
A prominent current theory for activity-dependent potentiation
of central synapses posits the initial recruitment of GluR1-con-
taining AMPARs followed by their subsequent replacement
with GluR2-containing AMPARs (Hayashi et al., 2000; Malinow
and Malenka, 2002; Shi et al., 2001). Our present findings are
consistent with this model in which the GluR1-containing
AMPARs would be GluR1 homomers that are initially incorpo-
rated during LTP and then are replaced by GluR1/2 heteromers
in a PICK1-dependent fashion. This sequence provides a resolu-
tion to the findings that CaMKII is critically required for LTP
(Malenka and Nicoll, 1999) and regulates GluR1 homomers, yet
cannot regulate GluR2-containing AMPARs (Oh and Derkach,
2005). Moreover, recent studies suggest that kalirin-7 and cGKII
selectively interact with GluR1 and are involved in LTP (Serulle
et al., 2007; Xie et al., 2007), providing potential specific chaper-
ones for GluR2-lacking receptors. Thus, our findings on the role
of PICK1 and the regulation of GluR2 content of AMPARs in LTP
are consistent with and expand upon current models of the
expression mechanism of LTP. Complete elucidation of the in-
volvement of PICK1 in the induction and expression mecha-
nisms of LTP will be of great importance in understanding how
GluR2-lacking AMPARs are regulated during synaptic plasticity
and may also provide mechanistic insight into the pathological
regulation of GluR2-lacking AMPARs that occurs in disease
(Cull-Candy et al., 2006).
In the present study, we have demonstrated a role of PICK1 in
LTP in hippocampal slices from 2- to 3-week-old animals; how-
ever, it is possible that PICK1 may not be required for some
forms of LTP, for example, those induced by different protocols
or at different developmental stages. Accumulating evidence
demonstrates the coexistence of multiple forms of LTP that
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stages of development (Palmer et al., 2004). For example, the
GluR1 (GluRA) knockout mouse lacks adult hippocampal LTP in-
duced by typical tetanus or low-frequency pairing protocols (Za-
manillo et al., 1999) but exhibits LTP following a theta-burst pair-
ing protocol (Hoffman et al., 2002). In addition, the GluR1
knockout exhibits LTP, albeit of diminished size, in young mice
(Jensen et al., 2003). Thus, development and induction protocol
influence the expressionmechanism utilized for LTPwith respect
to the requirement for GluR1. Interestingly, in the GluR1 knock-
out, theta-burst pairing-induced LTP exhibits a delayed time
course of potentiation (Hoffman et al., 2002), suggesting a prom-
inent role for GluR1 during the initial expression, consistent with
the transient incorporation of GluR1 homomers at conditioned
synapses during the early phase of LTP (Plant et al., 2006). Of
particular relevance to the present study are the recent findings
indicating that LTP can be expressed without an alteration in
GluR2 AMPAR subunit composition (Adesnik and Nicoll, 2007;
Gray et al., 2007) or with an increase (rather than decrease) in
GluR2 content (Bagal et al., 2005). However, other work demon-
strates a role for incorporation of GluR2-lacking AMPARs during
LTP (Lu et al., 2007; Plant et al., 2006). Moreover, a previous
study shows that LTP can be expressed by a mechanism involv-
ing an increase in single-channel conductance, or with no in-
crease in single-channel conductance, under identical induction
conditions (Benke et al., 1998). These two different mechanisms
for the expression of LTP may reflect the incorporation of high-
conductance GluR2-lacking AMPARs in one case and incor-
poration of lower-conductance GluR2-containing AMPARs in
the other mechanism. Thus, taken together, these studies indi-
cate that LTP can involve the incorporation of GluR2-lacking
AMPARs, but this is not the only mechanism for expression,
even at the same age and under very similar experimental con-
ditions. Therefore, it will be of great importance to determine
how development and distinct activity patterns influence the
utilization of different mechanisms for LTP expression.
Role of PICK1 in LTD
There is compelling evidence that PICK1 plays a central role in
cerebellar LTD. This form of LTD is dependent on the activation
of mGluR1 and PKC, is expressed as a reduction in surface
GluR2-containing AMPARs, and involves a mechanism requiring
the PICK1-GluR2 interaction and the PKC-dependent phosphor-
ylation of serine 880 on GluR2 (Chung et al., 2003; Ito, 2002;
Steinberg et al., 2006; Xia et al., 2000). In contrast, the role for
PICK1 in hippocampal LTD has until now remained controver-
sial. There is good evidence that PICK1 regulates AMPAR sur-
face expression in cultured hippocampal neurons (Chung
et al., 2000; Hanley and Henley, 2005; Perez et al., 2001; Sossa
et al., 2006; Terashima et al., 2004); however, these studies did
not directly test a role for PICK1 in hippocampal synaptically
induced LTD. Indeed, only two studies have attempted to di-
rectly test the requirement for PICK1 in hippocampal LTD, and
these provide conflicting results. Both studies used acute intra-
cellular application of peptides to block PICK1 PDZ domain in-
teractions; in one study, there was no effect of this manipulation
on LTD (Daw et al., 2000), while in the other work, a partial block
of LTD was observed (Kim et al., 2001). However, functionalanalyses based primarily on the acute infusion of a peptide
that competitively inhibits PICK1 PDZ domain interactions can
be difficult to interpret because the peptide blocks PICK1 PDZ
domain interactions with all binding partners (GluR2/3, PKC,
mGluR7, etc.) and may also block interactions of other similar
PDZ domain-containing proteins (Sheng and Sala, 2001). More-
over, the effects of the peptide block can only be observed for
the relatively short period of time that a whole-cell recording
can be maintained (<2 hr), and so, effects over longer timescales
cannot be readily assessed. Thus, the present work in which
PICK1 function is specifically manipulated in CA1 pyramidal neu-
rons in hippocampal slices over longer timescales is a direct test
of the requirement for PICK1 in hippocampal LTD. We show that
acute knockdown of PICK1 or genetic deletion of PICK1, as well
as viral expression of pep2-EVKI, prevents hippocampal
NMDAR-dependent LTD, the predominant form of LTD in juve-
nile hippocampus (Dudek and Bear, 1992; Kemp et al., 2000;
Malenka and Bear, 2004; Mulkey and Malenka, 1992). However,
despite being necessary for LTD, PICK1 does not mimic or
occlude LTD (A.T. and J.T.R.I., unpublished data), which is in
contrast to its ability to mimic LTP. It is interesting to note that
the previous work in which pep2-EVKI or similar peptides were
acutely infused into CA1 neurons resulted in no block or only
a partial reduction in LTD (Daw et al., 2000; Duprat et al., 2003;
Kim et al., 2001). In the present study, we show that viral expres-
sion of pep2-EVKI prevents LTD. The difference in the results
between the present and previous studies is likely due to the dif-
ferent duration of peptide expression, indicating that prolonged
blockade of PICK1 PDZ domain interactions has additional
effects not observed during the acute infusion experiments.
Bidirectional Regulation of Synaptic Strength by PICK1
How can PICK1 dually participate in both hippocampal LTP and
LTD? Recent work demonstrates that PICK1 has a calcium-
binding domain at its N terminus, the occupancy of which bi-
phasically regulates PICK1-GluR2 interactions: a rise in free cal-
cium from rest to 15 mM increases the affinity of PICK1 for GluR2
5-fold, whereas further increases in free calcium decrease the
affinity of this interaction (Hanley and Henley, 2005). Such bi-
modal calcium sensitivity could endow PICK1 with the ability to
differentially regulate AMPAR trafficking for both LTD and LTP
because both phenomena rely on increased intracellular cal-
cium, but to different levels. The relatively small rise in calcium
during LTD induction may promote PICK1-mediated internaliza-
tion of GluR2-containing AMPARs, while larger more rapid
calcium changes associated with LTP induction could trigger
release of GluR2-containing AMPARs from intracellular reserve
pools for eventual incorporation at conditioned synapses to
maintain potentiation. Indeed, previous work suggests a role
for PICK1 in mediating a release of AMPARs from intracellular
pools (Daw et al., 2000). In addition, studies on cultured hippo-
campal neurons support the idea that PICK1 is a calcium sensor
for synaptic plasticity, because the N-terminal calcium-binding
domain of PICK1 is required for NMDA-induced AMPAR internal-
ization, a form of LTD in culture (Hanley and Henley, 2005). More-
over, PICK1 can differentially regulate AMPAR surface expres-
sion in culture depending on the level of NMDAR activation,
with large calcium rises producing a PICK1-dependent increaseNeuron 57, 872–882, March 27, 2008 ª2008 Elsevier Inc. 879
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dependent decrease in surface AMPARs (Hanley and Henley,
2005; Sossa et al., 2006). Considered together, the evidence
supports a model in which PICK1 functions as a calcium sensor
capable of transducing distinct spatiotemporal calcium profiles
into appropriate AMPAR trafficking events to yield bidirectional
plasticity of synaptic efficacy.
EXPERIMENTAL PROCEDURES
Constructs and Viruses
Sindbis viruses used were as previously described (Terashima et al., 2004).
shRNA species to specifically knock down PICK1 were identified and pack-
aged into lentivirus, commercially (America Pharma Source, Frederick, MD,
USA). In addition, a scrambled shRNA control lentivirus was also provided.
The expression of shRNAwasdriven by the humanU6promoter, and all viruses
also coded forGFPasamarker. For lentivirus infectionof neurons, theviruswas
concentrated to 1 3 107 particles/ml by ultracentrifugation at 112,700 3 g,
90 min, 4C. Efficiency in knocking down endogenous PICK1 expression in
cultured dissociated hippocampal neurons was tested immunocytochemically
as follows. Low-density hippocampal cultureswere prepared fromE18 rats us-
ing standard techniques (Roche and Huganir, 1995). At DIV5–7, neurons were
infected with lentivirus and cultured for a further 7 days. Neurons were then
fixedwith 4%paraformaldehyde/4%sucrose inPBS for 15min, permeabilized,
and incubated with 10% normal goat serum for 1 hr. The neurons were then
incubated with anti-PICK1 primary antibody (Affinity BioReagents) followed
by Alexa 568-conjugated (red) anti-rabbit secondary antibody (Molecular
Probes). Images were collected with a 633 oil-immersion objective on a Zeiss
LSM510 confocal microscope both for green (GFP) and red (PICK1) channels.
Series of optical sections were collected at intervals of 0.4 mm, and maximal
projections are shown. The immunocytochemical analysis showed that knock-
down of endogenous PICK1 in hippocampal neurons was effectively achieved
by the T197 shRNA species (T197) when there was a high level of viral expres-
sion (as determined by high levels of GFP fluorescence) for at least 4 days,
necessitating infecting neurons 7 days prior to experimental analysis.
Acute Hippocampal Slice Culture and Viral Infection
For all Sindbis virus expression experiments, hippocampal slicesmaintained in
culture for 1–2 days (‘‘acute slice culture’’) were used. Slices were prepared
and cultured as described previously (Terashima et al., 2004). Briefly, trans-
verse hippocampal slices (300 mm thick) were prepared from Wistar rat pups
(10–12 days old) in a modified extracellular solution (mM): 4 KCl, 26 NaHCO3,
1 CaCl2, 5 MgSO4, 10 glucose, 5 ascorbic acid, and 248 sucrose, saturated
with 95%O2/5%CO2. Following recovery for 30–60 min at 27
C, Sindbis virus
was pressure ejected into a region of the CA1 pyramidal cell layer, and slices
were placed in a standard sterile culture medium and incubated at 35C for
20–48 hr before use.
1 Week Slice Culture and Viral Infection
For all synaptic physiology lentivirus shRNA expression experiments, 1 week
hippocampal slice cultures were used because it takes 7 days for lentivirus-
mediated shRNA to effectively knock down PICK1 expression. Hippocampal
slices (350 mm thick) were prepared from rats aged P7 using a McIllwain tissue
chopper. Following 1 hr recovery after slicing, lentivirus was pressure ejected
into part of the CA1 cell body layer, and slices were explanted onto a mem-
brane (Millicell-CM, 0.4 mm pore size) placed in 1 ml of MEM (GIBCO no.
61100–061) containing 2.5 mM glutamine, 30 mM HEPES, 5 mM NaHCO3,
30 mM D-glucose, 0.5 mM L-ascorbate, 2 mM CaCl2, 2.5 mM MgSO4, 1 mg
insulin, and 20% horse serum (Musleh et al., 1997). Slices were incubated at
35C for 7 days before use.
Electrophysiology
Whole-cell patch-clamp recordings were made from CA1 pyramidal neurons
using standard techniques (Pelkey et al., 2005; Terashima et al., 2004) either
in acute slices prepared from 2- to 3-week-old mice or in cultured rat hippo-880 Neuron 57, 872–882, March 27, 2008 ª2008 Elsevier Inc.campal slices. Experiments on knockout mice and WT littermates were per-
formed blind to genotype. For recordings in cultured slices, infected neurons
were identified as those expressing GFP, and nearby noninfected neurons
were used for in-slice controls (Terashima et al., 2004). The extracellular solu-
tion during recordings was as follows (mM): 125 NaCl, 3.25 KCl, 1.25 NaHPO4,
25 NaHCO3, 2.5 CaCl2, 1.3 MgSO4 (or 1.5 mMMgCl2), 10–15 glucose, and 0.1
picrotoxin (or 0.005 bicuculline), saturated with 95% O2/5% CO2.
For extracellular field potential recordings from mouse slices, a patch elec-
trode filled with extracellular solution was placed in stratum radiatum of CA1
to record field EPSPs, and responses were evoked by electrical stimulation
of axons in stratum radiatum at a frequency of 0.1 Hz. No GABAA receptor
antagonists were included in the extracellular solution. Two independent path-
waysweremonitored, only one of which received the LTP induction protocol of
two, 100 Hz, 1 s tetani (at 20 s interval).
For whole-cell recordings from CA1 pyramidal neurons in acute slices,
the following intracellular solution was used (mM): 135 CsMeSO4, 8 NaCl,
10 HEPES, 0.5 EGTA, 4 Mg-ATP, 0.3 Na-GTP, 1–5 QX-314, and 0.1 spermine,
pH 7.2, 285–290 mOsm. For the acute slice LTD experiments, EPSCs were
evoked by electrical stimulation of axons in stratum radiatum at a frequency
of 0.2 Hz and recorded at a holding potential of 70 mV. LTD was induced
at one of two independent pathways by pairing 300 stimuli at 1 Hz with a hold-
ing potential of 40 mV. For the acute slice LTP experiments, EPSCs were
evoked at a frequency of 0.5 Hz at a holding potential of 60 mV. LTP was
induced by pairing 50–100 stimuli at 0.5 or 1 Hz with a holding potential of
10 mV. In a subset of acute slice LTP experiments, an intracellular solution
of the following composition was used: 100 Cs-gluconate, 5 CsCl, 0.6
EGTA, 5 MgCl2, 8 NaCl, 2 ATP2Na, 0.3 GTPNa, 40 HEPES, 0.1 spermine,
and 1 QX-314, pH 7.2–7.3, 285–290 mOsm. Similar results were obtained for
these LTP experiments with both intracellular solutions, and thus the data
were pooled.
For whole-cell recordings from CA1 pyramidal neurons in acute cultured sli-
ces, the following intracellular solution was used (mM): 135 CsMeSO4, 8 NaCl,
10 HEPES, 0.5 EGTA, 4 Mg-ATP, 0.3 Na-GTP, 1–5 QX-314, and 0.1 spermine,
pH 7.2, 285–290mOsm. EPSCswere evoked by electrical stimulation of axons
in stratum radiatum at a frequency of 0.2 Hz at a holding potential of 70 mV.
LTP was induced by pairing 100 stimuli at 1 Hz with a holding potential of
0 mV. LTD was induced by pairing 300 stimuli at 1 Hz with a holding potential
of 40 mV.
For whole-cell recordings from CA1 pyramidal neurons in 1 week cultured
slices, the same solutions as for acute cultured slices were used except that
Na-phosphocreatine (0.6 mM) was included in the intracellular solution, and
for the extracellular solution, the concentration of Ca2+ and Mg2+ were both
4 mM, and 2 mM 2-chloroadenosine was included. Only neurons expressing
high levels of GFP were recorded from, indicating a high level of shRNA
expression. LTP was induced by pairing 3 Hz stimulation with a holding poten-
tial of 0 mV for 3 min (Boehm et al., 2006), and LTD was induced by pairing 300
stimuli at 1 Hz with a holding potential of 10 mV (Rial Verde et al., 2006).
Data were collected using Axopatch 200B or multicalmp 700A amplifiers
(Axon Instruments), filtered at 5 KHz and digitized at 10 kHz. EPSC amplitude,
DC current, input resistance, and series resistance were continuously moni-
tored on-line. Recordings were terminated if series resistance deviated by
more than 20%.
Electrophysiology Analysis
Changes in AMPAR rectification in the experiments using viral overexpression
were estimated as previously described (Terashima et al., 2004); briefly, three
averaged EPSCs (each an average of three consecutive single EPSCs) were
collected at 70 mV, interleaved with two averaged EPSCs (each an average
of three consecutive single EPSCs) collected at +40mV. The rectification index
is expressed as EPSC70/EPSC+40. In the viral expression experiments in
Figure 1, the amplitude of the AMPA EPSC at70 mV in infected cells is com-
pared to that in neighboring uninfected cells in the same slices with the same
stimulus position and intensity, as previously described (Terashima et al.,
2004).
For analysis of the I-V relationship of EPSCs in WT and PICK1 KO animals
(Figure 4D), the AMPA component of the EPSC was estimated using a slope
measurement from EPSC onset to 1.4 ms. The NMDA component was
Neuron
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was calculated as the ratio of the peak of the EPSC at60 mV (AMPA) and the
amplitude of the NMDA component measured at 75 ms after EPSC onset at
+40 mV. For a subset of LTP experiments using whole-cell recordings from
the PICK1 KOs, averaged EPSCs (five individual events) collected at 60
mV and +40mVwere used to measure RIs by determining the ratio of the initial
slope (onset to 1.4 ms) of the EPSCs obtained at holding potentials of60 and
+40mVs. The RI values obtained within 3–5 min post-pairing are expressed as
a percentage of control RI values obtained prior to pairing during the baseline
recording period for spermine-containing and spermine-free intracellular solu-
tions. In the figures, for presentation purposes, the stimulus artifacts have
been truncated or subtracted. Statistical analysis was performed using the
Student’s t test (paired or unpaired as appropriate); p < 0.05 was considered
significant. In the figures, *p < 0.05, **p < 0.01, ***p < 0.005.
ACKNOWLEDGMENTS
Supported by the Wellcome Trust (A.T., G.L.C., J.T.R.I.), NINDS Intramural
Program (J.T.R.I., K.W.R.), NICHD Intramural Program (K.A.P., C.J.M.), and
MRC (G.L.C). We are very grateful to Dr. R. Huganir for providing the PICK1
KO mice to us prior to their publication.
Received: April 25, 2007
Revised: November 28, 2007
Accepted: January 23, 2008
Published: March 26, 2008
REFERENCES
Adesnik, H., and Nicoll, R.A. (2007). Conservation of glutamate receptor
2-containing AMPA receptors during long-term potentiation. J. Neurosci. 27,
4598–4602.
Alvarez, V.A., Ridenour, D.A., and Sabatini, B.L. (2006). Retraction of synapses
and dendritic spines induced by off-target effects of RNA interference. J. Neu-
rosci. 26, 7820–7825.
Bagal, A.A., Kao, J.P., Tang, C.M., and Thompson, S.M. (2005). Long-term
potentiation of exogenous glutamate responses at single dendritic spines.
Proc. Natl. Acad. Sci. USA 102, 14434–14439.
Bellone, C., and Luscher, C. (2005). mGluRs induce a long-term depression in
the ventral tegmental area that involves a switch of the subunit composition of
AMPA receptors. Eur. J. Neurosci. 21, 1280–1288.
Bellone, C., and Luscher, C. (2006). Cocaine triggered AMPA receptor redistri-
bution is reversed in vivo by mGluR-dependent long-term depression. Nat.
Neurosci. 9, 636–641.
Benke, T.A., Luthi, A., Isaac, J.T., and Collingridge, G.L. (1998). Modulation of
AMPA receptor unitary conductance by synaptic activity. Nature 393, 793–
797.
Bliss, T.V., and Collingridge, G.L. (1993). A synaptic model of memory: long-
term potentiation in the hippocampus. Nature 361, 31–39.
Boehm, J., Kang, M.G., Johnson, R.C., Esteban, J., Huganir, R.L., and
Malinow, R. (2006). Synaptic incorporation of AMPA receptors during LTP is
controlled by a PKC phosphorylation site on GluR1. Neuron 51, 213–225.
Boudin, H., Doan, A., Xia, J., Shigemoto, R., Huganir, R.L., Worley, P., and
Craig, A.M. (2000). Presynaptic clustering of mGluR7a requires the PICK1
PDZ domain binding site. Neuron 28, 485–497.
Bredt, D.S., and Nicoll, R.A. (2003). AMPA receptor trafficking at excitatory
synapses. Neuron 40, 361–379.
Cao, M., Xu, J., Shen, C., Kam, C., Huganir, R.L., and Xia, J. (2007). PICK1–
ICA69 heteromeric BAR domain complex regulates synaptic targeting and
surface expression of AMPA receptors. J. Neurosci. 27, 12945–12956.
Chung,H.J., Xia, J., Scannevin,R.H., Zhang, X., andHuganir, R.L. (2000). Phos-
phorylationof theAMPA receptor subunitGluR2differentially regulates its inter-
action with PDZ domain-containing proteins. J. Neurosci. 20, 7258–7267.Chung, H.J., Steinberg, J.P., Huganir, R.L., and Linden, D.J. (2003). Require-
ment of AMPA receptor GluR2 phosphorylation for cerebellar long-term
depression. Science 300, 1751–1755.
Collingridge, G.L., Kehl, S.J., andMcLennan, H. (1983). Excitatory amino acids
in synaptic transmission in the Schaffer collateral-commissural pathway of the
rat hippocampus. J. Physiol. 334, 33–46.
Collingridge, G.L., Isaac, J.T., and Wang, Y.T. (2004). Receptor trafficking and
synaptic plasticity. Nat. Rev. Neurosci. 5, 952–962.
Cull-Candy, S., Kelly, L., and Farrant, M. (2006). Regulation of Ca2+-perme-
able AMPA receptors: synaptic plasticity and beyond. Curr. Opin. Neurobiol.
16, 288–297.
Daw, M.I., Chittajallu, R., Bortolotto, Z.A., Dev, K.K., Duprat, F., Henley, J.M.,
Collingridge, G.L., and Isaac, J.T. (2000). PDZ proteins interacting with
C-terminal GluR2/3 are involved in a PKC-dependent regulation of AMPA
receptors at hippocampal synapses. Neuron 28, 873–886.
Dev, K.K., and Henley, J.M. (2006). The schizophrenic faces of PICK1. Trends
Pharmacol. Sci. 27, 574–579.
Dev, K.K., Nishimune, A., Henley, J.M., and Nakanishi, S. (1999). The protein
kinase C alpha binding protein PICK1 interacts with short but not long form
alternative splice variants of AMPA receptor subunits. Neuropharmacology
38, 635–644.
Dev, K.K., Nakajima, Y., Kitano, J., Braithwaite, S.P., Henley, J.M., and
Nakanishi, S. (2000). PICK1 interacts with and regulates PKC phosphorylation
of mGLUR7. J. Neurosci. 20, 7252–7257.
Dong, H., O’Brien, R.J., Fung, E.T., Lanahan, A.A., Worley, P.F., and Huganir,
R.L. (1997). GRIP: a synaptic PDZ domain-containing protein that interacts
with AMPA receptors. Nature 386, 279–284.
Dudek, S.M., and Bear, M.F. (1992). Homosynaptic long-term depression in
area CA1 of hippocampus and effects of N-methyl-D-aspartate receptor
blockade. Proc. Natl. Acad. Sci. USA 89, 4363–4367.
Duprat, F., Daw, M., Lim, W., Collingridge, G., and Isaac, J. (2003). GluR2
protein-protein interactions and the regulation of AMPA receptors during
synaptic plasticity. Philos. Trans. R. Soc. Lond. B Biol. Sci. 358, 715–720.
Gardner, S.M., Takamiya, K., Xia, J., Suh, J.G., Johnson, R., Yu, S., and
Huganir, R.L. (2005). Calcium-permeable AMPA receptor plasticity is
mediated by subunit-specific interactions with PICK1 and NSF. Neuron 45,
903–915.
Gray, E.E., Fink, A.E., Sarinana, J., Vissel, B., and O’Dell, T.J. (2007). Long-
term potentiation in the hippocampal CA1 region does not require insertion
and activation of GluR2-lacking AMPA receptors. J. Neurophysiol. 98, 2488–
2492.
Groc, L., and Choquet, D. (2006). AMPA and NMDA glutamate receptor
trafficking: multiple roads for reaching and leaving the synapse. Cell Tissue
Res. 326, 423–438.
Hanley, J.G., and Henley, J.M. (2005). PICK1 is a calcium-sensor for NMDA-
induced AMPA receptor trafficking. EMBO J. 24, 3266–3278.
Hanley, J.G., Khatri, L., Hanson, P.I., and Ziff, E.B. (2002). NSF ATPase and
alpha-/beta-SNAPs disassemble the AMPA receptor-PICK1 complex. Neuron
34, 53–67.
Hayashi, Y., Shi, S.H., Esteban, J.A., Piccini, A., Poncer, J.C., and Malinow, R.
(2000). Driving AMPA receptors into synapses by LTP and CaMKII: require-
ment for GluR1 and PDZ domain interaction. Science 287, 2262–2267.
Hjelmstad, G.O., Nicoll, R.A., and Malenka, R.C. (1997). Synaptic refractory
period provides a measure of probability of release in the hippocampus.
Neuron 19, 1309–1318.
Ho, M.T., Pelkey, K.A., Topolnik, L., Petralia, R.S., Takamiya, K., Xia, J.,
Huganir, R.L., Lacaille, J.C., and McBain, C.J. (2007). Developmental expres-
sion of Ca2+-permeable AMPA receptors underlies depolarization-induced
long-term depression at mossy fiber CA3 pyramid synapses. J. Neurosci.
27, 11651–11662.
Hoffman, D.A., Sprengel, R., and Sakmann, B. (2002). Molecular dissection of
hippocampal theta-burst pairing potentiation. Proc. Natl. Acad. Sci. USA 99,
7740–7745.Neuron 57, 872–882, March 27, 2008 ª2008 Elsevier Inc. 881
Neuron
PICK1 Is Required for LTP and LTDIsaac, J.T., Ashby, M., and McBain, C.J. (2007). The role of the GluR2 subunit
in AMPA receptor function and synaptic plasticity. Neuron 54, 859–871.
Ito, M. (2002). The molecular organization of cerebellar long-term depression.
Nat. Rev. Neurosci. 3, 896–902.
Jensen, V., Kaiser, K.M., Borchardt, T., Adelmann, G., Rozov, A., Burnashev,
N., Brix, C., Frotscher, M., Andersen, P., Hvalby, O., et al. (2003). A juvenile
form of postsynaptic hippocampal long-term potentiation in mice deficient
for the AMPA receptor subunit GluR-A. J. Physiol. 553, 843–856.
Jin,W., Ge,W.P., Xu, J., Cao,M., Peng, L., Yung,W., Liao, D., Duan, S., Zhang,
M., and Xia, J. (2006). Lipid binding regulates synaptic targeting of PICK1,
AMPA receptor trafficking, and synaptic plasticity. J. Neurosci. 26, 2380–2390.
Kemp, N., and Bashir, Z.I. (2001). Long-term depression: a cascade of induc-
tion and expression mechanisms. Prog. Neurobiol. 65, 339–365.
Kemp, N., McQueen, J., Faulkes, S., and Bashir, Z.I. (2000). Different forms of
LTD in the CA1 region of the hippocampus: role of age and stimulus protocol.
Eur. J. Neurosci. 12, 360–366.
Kim, C.H., Chung, H.J., Lee, H.K., and Huganir, R.L. (2001). Interaction of the
AMPA receptor subunit GluR2/3 with PDZ domains regulates hippocampal
long-term depression. Proc. Natl. Acad. Sci. USA 98, 11725–11730.
Lauri,S.E.,Palmer,M.,Segerstrale,M.,Vesikansa,A., Taira, T., andCollingridge,
G.L. (2007). Presynapticmechanisms involved in the expression of STPandLTP
at CA1 synapses in the hippocampus. Neuropharmacology 52, 1–11.
Li, P., Kerchner, G.A., Sala, C., Wei, F., Huettner, J.E., Sheng, M., and Zhuo,M.
(1999). AMPA receptor-PDZ interactions in facilitation of spinal sensory synap-
ses. Nat. Neurosci. 2, 972–977.
Lin, D.T., and Huganir, R.L. (2007). PICK1 and phosphorylation of the gluta-
mate receptor 2 (GluR2) AMPA receptor subunit regulates GluR2 recycling
after NMDA receptor-induced internalization. J. Neurosci. 27, 13903–13908.
Liu, S.Q., and Cull-Candy, S.G. (2000). Synaptic activity at calcium-permeable
AMPA receptors induces a switch in receptor subtype. Nature 405, 454–458.
Liu, S.J., and Cull-Candy, S.G. (2002). Activity-dependent change in AMPA
receptor properties in cerebellar stellate cells. J. Neurosci. 22, 3881–3889.
Liu, S.J., and Cull-Candy, S.G. (2005). Subunit interaction with PICK and GRIP
controls Ca(2+) permeability of AMPARs at cerebellar synapses. Nat. Neuro-
sci. 8, 768–775.
Lu, W., and Ziff, E.B. (2005). PICK1 interacts with ABP/GRIP to regulate AMPA
receptor trafficking. Neuron 47, 407–421.
Lu, Y., Allen, M., Halt, A.R., Weisenhaus, M., Dallapiazza, R.F., Hall, D.D.,
Usachev, Y.M., McKnight, G.S., and Hell, J.W. (2007). Age-dependent require-
ment of AKAP150-anchored PKA and GluR2-lacking AMPA receptors in LTP.
EMBO J. 26, 4879–4890.
Luthi, A., Chittajallu, R., Duprat, F., Palmer, M.J., Benke, T.A., Kidd, F.L.,
Henley, J.M., Isaac, J.T., and Collingridge, G.L. (1999). Hippocampal LTD
expression involves a pool of AMPARs regulated by the NSF-GluR2 interac-
tion. Neuron 24, 389–399.
Malenka, R.C., and Nicoll, R.A. (1999). Long-term potentiation—a decade of
progress? Science 285, 1870–1874.
Malenka, R.C., and Bear, M.F. (2004). LTP and LTD: an embarrassment of
riches. Neuron 44, 5–21.
Malinow, R., and Malenka, R.C. (2002). AMPA receptor trafficking and synap-
tic plasticity. Annu. Rev. Neurosci. 25, 103–126.
Mulkey, R.M., and Malenka, R.C. (1992). Mechanisms underlying induction of
homosynaptic long-term depression in area CA1 of the hippocampus. Neuron
9, 967–975.
Musleh, W., Bi, X., Tocco, G., Yaghoubi, S., and Baudry, M. (1997). Glycine-
induced long-term potentiation is associated with structural and functional
modifications of alpha-amino-3-hydroxyl-5-methyl-4-isoxazolepropionic
acid receptors. Proc. Natl. Acad. Sci. USA 94, 9451–9456.
Oh, M.C., and Derkach, V.A. (2005). Dominant role of the GluR2 subunit in
regulation of AMPA receptors by CaMKII. Nat. Neurosci. 8, 853–854.882 Neuron 57, 872–882, March 27, 2008 ª2008 Elsevier Inc.Palmer, M.J., Isaac, J.T., and Collingridge, G.L. (2004). Multiple, developmen-
tally regulated expression mechanisms of long-term potentiation at CA1
synapses. J. Neurosci. 24, 4903–4911.
Pelkey, K.A., Lavezzari, G., Racca, C., Roche, K.W., and McBain, C.J. (2005).
mGluR7 is a metaplastic switch controlling bidirectional plasticity of feedfor-
ward inhibition. Neuron 46, 89–102.
Perez, J.L., Khatri, L., Chang, C., Srivastava, S., Osten, P., and Ziff, E.B. (2001).
PICK1 targets activated protein kinase Calpha to AMPA receptor clusters in
spines of hippocampal neurons and reduces surface levels of the AMPA-
type glutamate receptor subunit 2. J. Neurosci. 21, 5417–5428.
Plant, K., Pelkey, K.A., Bortolotto, Z.A., Morita, D., Terashima, A., McBain,
C.J., Collingridge, G.L., and Isaac, J.T. (2006). Transient incorporation of
native GluR2-lacking AMPA receptors during hippocampal long-term potenti-
ation. Nat. Neurosci. 9, 602–604.
Rial Verde, E.M., Lee-Osbourne, J., Worley, P.F., Malinow, R., and Cline, H.T.
(2006). Increased expression of the immediate-early gene arc/arg3.1 reduces
AMPA receptor-mediated synaptic transmission. Neuron 52, 461–474.
Roche, K.W., and Huganir, R.L. (1995). Synaptic expression of the high-affinity
kainate receptor subunit KA2 in hippocampal cultures. Neuroscience 69, 383–
393.
Serulle, Y., Zhang, S., Ninan, I., Puzzo, D., McCarthy, M., Khatri, L., Arancio,
O., and Ziff, E.B. (2007). A GluR1-cGKII interaction regulates AMPA receptor
trafficking. Neuron 56, 670–688.
Sheng,M., and Sala, C. (2001). PDZ domains and the organization of supramo-
lecular complexes. Annu. Rev. Neurosci. 24, 1–29.
Shi, S., Hayashi, Y., Esteban, J.A., and Malinow, R. (2001). Subunit-specific
rules governing AMPA receptor trafficking to synapses in hippocampal pyra-
midal neurons. Cell 105, 331–343.
Sossa, K.G., Court, B.L., and Carroll, R.C. (2006). NMDA receptors mediate
calcium-dependent, bidirectional changes in dendritic PICK1 clustering.
Mol. Cell. Neurosci. 31, 574–585.
Srivastava, S., Osten, P., Vilim, F.S., Khatri, L., Inman, G., States, B., Daly, C.,
DeSouza, S., Abagyan, R., Valtschanoff, J.G., et al. (1998). Novel anchorage of
GluR2/3 to the postsynaptic density by the AMPA receptor-binding protein
ABP. Neuron 21, 581–591.
Staudinger, J., Zhou, J., Burgess, R., Elledge, S.J., and Olson, E.N. (1995).
PICK1: a perinuclear binding protein and substrate for protein kinaseC isolated
by the yeast two-hybrid system. J. Cell Biol. 128, 263–271.
Steinberg, J.P., Takamiya, K., Shen, Y., Xia, J., Rubio, M.E., Yu, S., Jin, W.,
Thomas, G.M., Linden, D.J., and Huganir, R.L. (2006). Targeted in vivo
mutations of the AMPA receptor subunit GluR2 and its interacting protein
PICK1 eliminate cerebellar long-term depression. Neuron 49, 845–860.
Terashima, A., Cotton, L., Dev, K.K., Meyer, G., Zaman, S., Duprat, F., Henley,
J.M., Collingridge, G.L., and Isaac, J.T. (2004). Regulation of synaptic strength
and AMPA receptor subunit composition by PICK1. J. Neurosci. 24, 5381–
5390.
Wikstrom, M.A., Matthews, P., Roberts, D., Collingridge, G.L., and Bortolotto,
Z.A. (2003). Parallel kinase cascades are involved in the induction of LTP at
hippocampal CA1 synapses. Neuropharmacology 45, 828–836.
Xia, J., Zhang, X., Staudinger, J., and Huganir, R.L. (1999). Clustering of AMPA
receptors by the synaptic PDZ domain-containing protein PICK1. Neuron 22,
179–187.
Xia, J., Chung, H.J., Wihler, C., Huganir, R.L., and Linden, D.J. (2000). Cerebel-
lar long-term depression requires PKC-regulated interactions between
GluR2/3 and PDZ domain-containing proteins. Neuron 28, 499–510.
Xie, Z., Srivastava, D.P., Photowala, H., Kai, L., Cahill, M.E., Woolfrey, K.M.,
Shum, C.Y., Surmeier, D.J., and Penzes, P. (2007). Kalirin-7 controls activ-
ity-dependent structural and functional plasticity of dendritic spines. Neuron
56, 640–656.
Zamanillo, D., Sprengel, R., Hvalby, O., Jensen, V., Burnashev, N., Rozov, A.,
Kaiser, K.M., Koster, H.J., Borchardt, T., Worley, P., et al. (1999). Importance
of AMPA receptors for hippocampal synaptic plasticity but not for spatial
learning. Science 284, 1805–1811.
